Eleven physicochemical parameters of data collected from 12 stations in Daya Bay in 2003 were analyzed by multivariate statistical analysis. Cluster analysis (CA) grouped data from 4 seasons into two groups, the northeast and southwest monsoon periods, representing different natural processes. During the northeast monsoon period, principal component analysis (PCA) and CA group the 12 monitoring sites into Cluster DA1 (S1, S2 and S6) and Cluster DA2 (S3-S5 and S7-S12). During the southwest monsoon period, PCA and CA group the 12 monitoring sites into Cluster WB1 (S1, S2, S7, S9 and S11) and Cluster WB2 (S3-S6, S8, S10, S11 and S12). The spatial heterogeneity within the bay was defined by different * Corresponding author: yswang@scsio.ac.cn hydrodynamic conditions and human activities. These results may be valuable for achieving sustainable use of the coastal ecosystems in Daya Bay.
INTRODUCTION
Coastal bays are subject to factors that reflect the interaction between land and ocean. Their ecological functions are more complicated and fragile than those of the open oceans because of the effects of many human activities and the resulting land-source pollution (Huang et al. 2003) . This interaction matrix deeply influences the structure and function of ecosystems because it moderates the variability of internal processes and the contribution of external energy and materials (Medina-Gomez & HerreraSilveira 2003) . With rapid population growth and economic development, the littoral areas are facing many ecological problems (Huang et al. 2003) , such as eutrophication and environmental pollution. Pollution of the water column with toxic chemicals and eutrophication of the coastal zone with excess nutrients are of great environmental concern worldwide. Agricultural, industrial, and urban activities are considered major sources of chemicals and nutrients to aquatic ecosystems. Concentrations of toxic chemicals and bio-available nutrients in excess can lead to such diverse problems as harmful algal blooms, oxygen depletion, fish kills, loss of biodiversity, and loss of aquatic plant beds and coral reefs (Voutsa et al. 2001 , Ouyang et al. 2006 , Iscen et al. 2008 . These human activities have resulted in an ecological unbalance, decrease in biodiversity, and the rapid reduction of biological resources. Better understanding of these complex ecological and environmental processes is of the utmost importance. Identification of key factors governing the ecological dynamics and environmental pollution is strongly required to establish the basis for the ecological and environmental research needed to undertake the efficient management and biodiversity conservation of coastal bay ecosystems (Jeong et al. 2008) . One critical step in controlling coastal pollution and maintaining the sustainability of the biodiversity is the development of coastal water monitoring programs to track ecological and environmental conditions and spatiotemporal trends. Furthermore, the ability to monitor parameters containing critical information for the analysis or treatment of the water is important for research and development.
One of the best approaches for solving this problem is to use multivariate analysis on the fundamental physical, chemical, and biological properties of water. The application of different multivariate statistical techniques, such as cluster analysis (CA), discriminate analysis (DA), principal component analysis (PCA), and factor analysis (FA), help identify important components or factors accounting for most of the variances of a system and provide information useful for timely and impartial water resource management. These multivariate statistical techniques have been effectively applied to evaluate spatial or temporal variations in river systems and river basins (Vega et al. 1998 , Alberto et al. 2001 , Simeonov et al. 2003 , Singh et al. 2004 , Kotti et al. 2005 , Ouyang et al. 2006 , Kannel et al. 2007 , Mendiguchia et al. 2007 , Shrestha & Kazama 2007 , lake systems (Wang et al. 2006a , Iscen et al. 2008 , Kazi et al. 2008 , and coastal waters (Yeung 1999 , Yung et al. 2001 , Medina-Gomez & HerreraSilveira 2003 , Kuppusamy & Giridhar 2006 , Wang et al. 2006b , Zhou et al. 2007a , Zhou et al. 2007b , Zhou et al. 2007c , Wu et al. 2009a , Wu et al. 2009b . Few studies have considered appropriate data pretreatment, including estimation of missing data, examination of normal distributions, and data transformation, which can greatly influence the results of multivariate analysis (Pere-Trepat et al. 2006 , Zhou et al. 2007b ). In addition, selection of variables is important. The amount of relevant information does not necessarily increase when a higher number of variables are included. On the contrary, it could increase random noise (De Luca et al. 2008) .
Daya Bay is unique because it exhibits strong pressure or impact generated by natural processes (Southeast Asian monsoons) and anthropogenic activities (aquaculture, nuclear power generation, and other human activities) (Xu 1989 , Wang et al. 2008 , 2011 . Water quality has different spatial and temporal responses to these changes. Characterization of temporal and spatial changes in coastal water quality is an important aspect of evaluating temporal and spatial variations in coastal water pollution due to natural or anthropogenic inputs of point and non-point sources. Pollutants entering a bay system normally result from many transport pathways including wastewater, runoff effluents, land reclamation, recreation, and fish culture, as well as atmospheric deposition and climate change. This complex coastal system is the reason for implementation of environmental monitoring programs intended to produce better understanding and management of the ecosystems within it (Wang et al. 2008 ).
This study is the first attempt to apply multivariate statistical techniques to analyze both natural and anthropogenic influences on the coastal bay environment. Two major objectives were established in this study: (1) to detect seasonal variations in water quality and the corresponding significant variables and (2) to delineate the bay into different ecological sectors in accordance with current bay characteristics and the corresponding significant variables. These thus offer a valuable tool for developing appropriate strategies for the effective management of environmental pollution and sustainability of the biodiversity.
MATERIALS AND METHODS

Study area
Daya Bay is a semi-enclosed bay located on the southern coast of China (from 22°31'12" to 22°50'00" N, 114°29'42" to 114°49'42" E) ( Fig.  1) (Wang et al. 2006b; Wang et al. 2008 Wang et al. , 2011 . The city of Shenzhen sits on the west coast of the bay, and the city of Huizhou spreads along the north and east coasts. Seven towns, namely Dapeng, Xiachong, Aotou, Renshan, Danshui, Xunliao and Nan ao, border the bay. In recent years, the rapid economic development and anthropogenic activities from Shenzhen and Huizhou have greatly influenced the environment of thebay. Two nuclear power plants operate here and the marine aquaculture industry is important to the area. The stronger northeast monsoon prevails from October to April and the southwesterly Southeast Asian monsoons predominate from May to September. In order to identify the anthropogenic and natural factors effecting this bay, the survey stations were located as follows:
Stations 1 and 2 were located in the mouth of the bay.
The hydrological environment can support important information about water exchange between Daya Bay and the South China Sea. Stations 3 and 8 were located in Dapeng Cove and Aotou, respectively. They were placed in an area of intensive aquaculture in order to assess its influence. Stations 4 and 5 were near the two nuclear power plants (DNPP and LNPP). Stations 6, 7, 9 and 12 were placed in the central to eastern area of the bay in order to evaluate influences from the South China Sea and anthropogenic activities. Stations 10 and 11 were located in the northern part of the bay. All twelve monitoring stations were located in Daya Bay (Fig. 1 ).
Sampling and analytical method
Seawater samples were taken from the surface and bottom depths at 12 stations in January (winter), April (spring), August (summer), and November (autumn), 2003. A Quanta Water Quality Monitoring System (Hydrolab Corporation, USA) was deployed to collect the data for temperature (T/°C), pH, and salinity (S/PSU) at the surface and bottom depths. Seawater sample analysis for nutrients, chlorophyll a (Chl-a/µg l -1 ), chemical oxygen demand (COD/mg l -1 ), and 5-day biochemical oxygen demand (BOD5/mg l -1 ) were taken using 5-l GO FLO bottles at surface and bottom depths. These and additional samples were collected according to the protocols of "The specialties for oceanography survey" (GB12763-91, China) (Wang et al. 2008) . Water samples from both depths were analyzed for nitrate (NO3-N/µmol l -1 ), nitrite (NO2-N/µmol l -1 ), and silicate (SiO3-Si/µmol l -1 ) with a SKALAR auto-analyzer (Skalar Analytical B.V. SanPlus, Holand). Ammonium (NH4-N/µmol l -1 ), phosphorus (PO4-P/µmol l -1 ), and total phosphorous (TP/µmol l -1 ) were analyzed with methods of oxidized by hypobromite and molybdophosphoric blue. Dissolved oxygen (DO/mg l -1 ) was determined using Winkler titrations. Two replicates of 1.5-l samples from the depths mentioned above were passed through 0.45 μm GF/F filters and the filtrate was deep-frozen immediately at -20°C. At the end of the cruise, all filters were kept in liquid nitrogen and transported to a shore-based laboratory. Within a week after the sampling, the chlorophyll a was extracted in 10 ml 90% acetone in the dark for 24 h in a refrigerator and the chlorophyll a concentration was determined using a 10-AU Fluorometer (Turner Designs, USA).
The subsamples for phytoplankton observation were taken with a shallow water net-III according to "The specialties for oceanography survey" (GB12763, China). The number and species were recorded with an Alphaphot-2 biological microscope (Nikon Corporation) (Wang et al. 2006b ).
Data pretreatment
The following data pretreatment methods were used:
• missing data were estimated as average values from corresponding datasets; • values below the detection limit were replaced by DL/2(DL: limits of detection) (Farnham et al. 2000) ; • the normality of each variable's distribution was tested by analyzing kurtosis and skewness prior to multivariate analyses.
All variables in the original dataset, except Chl-a, PO4-P, and SiO3-Si, had normal distributions when tested for skewness and kurtosis. Therefore, eleven (Wang et al. 2006b; Wang et al. 2008 Wang et al. , 2011 variables (temperature, pH, salinity, DO, COD, BOD5, NO3-N, NO2-N, NH4-N, TP, and phytoplankton abundance) were employed to identify the temporal and spatial variations of water quality. The basic statistics of the data set on water quality are summarized in Table 1. For CA and PCA, all parameters were also z-scale standardized (mean=0; variance=1) to minimize the effects of differences in measurement units and variance and to render the data dimensionless. Before conducting the PCA, the Kaiser-Meyer-Olkin (KMO) was performed on the parameter correlation matrix to examine the validity of the PCA. The KMO results for the first period and the second period were 0.5986 and 0.7051, respectively, indicating that PCA may be useful in providing significant reductions in dimensionality. All the mathematical and statistical computations were performed using MATLAB R2008b (Mathworks Inc., USA).
RESULTS
Cluster analysis
Results are reported in the dendrogram depicted in Fig. 2 . Two distinctive clusters were defined on the basis of the connecting distances.
Temporal variations in water quality were further evaluated through CA. Temporal CA was performed on raw data after dividing the whole data set into two seasonal groups (the northeast monsoon and southwest monsoon periods), and the difference between the clusters was significant (Fig. 2) .
Cluster A (the first period) comprised January and April, and cluster B (the second period) included August and October. While a warmer southwest monsoon prevails in the wet season from May to October, a cooler northeast monsoon predominates during the dry season from November to the next April.
Spearman non-parametric correlation coefficient
Temporal variations in coastal water quality parameters were evaluated through a seasonparameter correlation matrix. These bivariate results show that the water temperature exhibits the highest correlation coefficient (R=0.88) with the season (p=0.00). In addition to the temperature, we observed seven additional parameters having significant correlation with the season (p<0.05): pH (R=0.35), salinity (R=-0.32), DO (R=-0.46), BOD5 (R=0.65), COD (R=0.32), NO3-N (R=0.70), and NH4-N (R=0.48). These parameters could be interpreted as the major sources of temporal changes in water quality. Many of these correlations can be explained in view of the climatic features associated with the wet season and dry season. It is evident that the water temperature reflects the atmospheric temperature, and this parameter is the most significant difference between the seasons. With temperature differences, changes in dissolved oxygen are also expected.
The temporal variation in marine water quality was not only determined by local climate (monsoons) or hydrological conditions, but also by pollution characteristics (such as discharge frequency and type). Separate spatial analyses were carried out for the northeast monsoon and southwest monsoon periods, respectively. In group A, the first three principal components were dominant, accounting for 75.70% of the total variance, as shown in Table 2 . PC1, with an eigenvalue of 4.4286, explained 40.62% of the total variance. PC1 is apparently dominated by temperature, pH, DO, NO3-N, and TP, which exhibited significant loadings. This principal component can be interpreted as representing the nutrient processes, namely the nitrogen and phosphorus cycles -the hydrolysis of organic nitrogen to ammonia nitrogen, its oxidation to nitrate nitrogen, and the depletion of phosphorus.
PC2, explaining 21.04% of the total variance, had strong positive loadings on NO2-N and NH4-N, and negative loadings on BOD5 and COD, representing nutrient and organic pollution from strong anthropogenic impacts such as wastewater and agricultural activities.
PC3, accounting for 14.04% of the total variance, had strong positive loadings on COD, NO2-N, and phytoplankton, and may be interpreted as hydrobiological processes like phytoplankton primary production and microbial degradation.
In order to evaluate the spatial pattern, the twelve stations projections for the first three principal components (Table 2) were made by the mean of variables in group A. The scores for each station are shown in Fig. 3 .
Spatial CA was performed with the same raw data set comprising 11 variables during the northeast monsoon. Spatial CA generated a dendrogram grouping the 12 stations into two clusters (Fig. 4) . Cluster DA2 comprised S3-S5 and S7-S12, whereas cluster DA1 contained S1, S2, and S6.
The nine sites in cluster DA2 were located in the west, north, and east parts of Daya Bay, had similar features and natural backgrounds, and were affected by similar sources.
The stations in cluster DA1 were located around the mouth of the bay, and were all affected by coastal water from the northern South China Sea.
For group B, PC1 was also significant. It had an eigenvalue of 5.2904 and accounted for 48.09% of the total variance. The variables NO3-N and phytoplankton exhibited high positive loadings, whereas NH4-N showed negative loading. This component seemed to represent the biological processes such as phytoplankton primary production, microbial degradation, and nutrient recycling. In contrast, PC2 had an eigenvalue of 2.0950 and explained 19.05% of the total variance. It was clearly dominated by BOD5 and COD, which exhibited significant positive loadings, representing organic pollution from anthropogenic sources such as wastewater and agricultural activities. PC3, on the other hand, has an eigenvalue of 1.4150, and explains 12.86% of the total variance. While PC3 had strong positive loadings on pH, DO, and TP, negative loading on temperature and NO2-N likely represent the hydrodynamics processes and nutrient processes. In order to evaluate the spatial pattern, the twelve stations' projections for the first three principal components (Table 2) were estimated using the mean of variables in Group A. The scores of each station are shown in Fig. 5 .
Spatial CA was performed with the same raw data set comprising 11 variables during the southwest monsoon. Spatial CA generated a dendrogram grouping the 12 stations into two clusters (Fig. 6) . Cluster WB1 comprised S1, S2, S7, S9, and S11, and cluster WB2 contained S3-S6, S8, S10, S11, and S12.
The five stations in cluster WB1 were located around the mouth and eastern parts of the bay, which were affected by coastal water from the northern South China Sea.
The seven sites in cluster WB2 were located around the west and north parts of the bay, had similar features and natural backgrounds, and were affected by similar sources.
DISCUSSION
Environmental variation in this coastal bay is influenced by numerous forcing functions whose effects coincide with different inner processes in these systems. The numerous factors may determine the spatial-temporal fluctuations of their hydrological heterogeneity. This multidimensionality in coastal bay variability nullifies the possibility of characterizing them based on analysis of the behavior of just one variable (Medina-Gomez & Herrera-Silveira 2003) , which is of little value for a decision-making process when the data are processed using descriptive univariate methods (De Luca et al. 2008) .
The monsoon is a characteristic climate variation in Asian A large amount of rainfall occurs, usually during the southwest monsoon period (Jeong et al. 2008) . There is plenty of rainfall in Daya Bay during the southwest monsoon period from May to October, and there is relatively less rainfall during the northeast monsoon period from November to the next April . The average precipitation is 1827 mm in Daya Bay. The maximum rainfall is 370 mm in June, and the minimum rainfall is 30 mm in December (Han 1998) . A semi-enclosed bay, Daya Bay has no major rivers but several seasonal rivers. These small rivers located in the western and northern sections bring freshwater into the bay with plenty of precipitation, mostly during the southwest monsoon period (Xu 1989 , Wang et al. 2008 ). In the northeast monsoon period, the discharge from these small rivers decreases due to a lack of rainfall. These rainfall characteristics caused the changes in physical, chemical, and biological parameters. The salinity may be strongly related to runoff and precipitation. It represents the most significant difference between the two monsoon periods (p=0.00). Temperature is an important climate factor. It can be an important indicator of natural processes in the subtropical area . Spearman coefficients also show that this parameter presents the most significant difference between the two monsoon periods.
Nutrients are introduced into the bay by rivers and sewage discharges during the southwest monsoon period, and they can be released into the water under some environmental conditions (Xu 1989) . The variable of NO3-N has significant loadings on PC1 in Groups A and B, respectively (Table 2) . NO3-N levels are the significant difference between the two monsoonal periods as shown through ANOVA (p=0.00). The NO3-N may be from septic tanks, livestock wastes, fertilizers, municipal landfills, and nonpoint sources of pollution, such as runoff from agriculture areas (Kotti et al. 2005) . The relationship between salinity and NO3-N in the water column produces a significant negative correlation (R=-0.67, p<0.05). This result is similar to that in Jiaozhou Bay (Liu et al. 2005) . Nitrate is not absorbed by soils; it is washed from the land by rainfalls during the southwest monsoon period. Our data demonstrates that land sources are the main reason for high levels of nitrate.
The mean concentrations of BOD5, pH, COD, and NH4-N during the southwest monsoon period are higher than during the northeast monsoon period, suggesting that a high load of dissolved organic matter was added from land sources, such as domestic wastewater, agricultural-related activities, and industrial effluents. This resulted in anaerobic conditions in the bay, which, in turn, resulted in the formation of ammonia and organic acids. Hydrolysis of these acidic materials causes a decrease of pH (Shrestha & Kazama 2007) .
Seawater in Daya Bay exchanges with the water in the South China Sea. The seawater in the South China Sea plays an important role in water quality in Daya Bay. As a semi-enclosed bay, currents in Daya Bay are dominated by tides, and the water circulation with the South China Sea is fairly slow (Xu 1989 , Yu et al. 2007 ). The surface current system in Daya Bay is mainly dominated by the South Asian Monsoon (Xu 1989) . Since the residual current within the bay is relatively small during the southwest monsoon period (wind velocity: 5 m s -1 ), the self-cleaning capacity of the bay is weak. In contrast, the selfcleaning capacity is stronger in winter with the stronger current fields during the northeast monsoon period (wind velocity: 7 m s -1 ) ). This may explain why the mean concentrations of BOD5 and COD were higher during the southwest monsoon period than during the northeast monsoon period.
It is interesting that the East Guangdong upwelling may bring the evaluated nutrients from the northern South China Sea during the southwest monsoon period (Xu 1989) . The fresh water from the Pearl River Estuary input dilutes the surface salinity, and the water from the South China Sea, which has lower temperature and high salinity, intrudes into the bay along the bottom depths under the influence of the weak southwesterly monsoons from May to September (Ji & Huang 1990 , Han 1998 . In August, the horizontal distributions of the surface and bottom salinity were similar, decreasing from east to west and south to north in the bay (Fig.  7a, b) . Rain is an important factor, which diminishes the surface salinity. In addition, there was a clear difference in salinity between the surface and the bottom of the bay. The difference between the surface and bottom salinity was 0.93 PSU in S1. In January, the salinity at the surface and bottom were both about 33.0 PSU (Fig. 7c, d) . In other words, no significant difference between the surface and bottom was observed. During the northeast monsoon period, the water column is vertically mixed in Daya Bay under the influence of the northeast monsoon (Chen & Li 1996) .
Analysis of water balances during both monsoon periods by box models and mass conservation arguments shows that the water residence time is shorter during the southwest monsoon period than during the northeast monsoon period (Xu 1989 ). This condition is important in semi-enclosed ecosystems, because the turnover time of seawater within the system favors the operation of different internal processes (e.g. biogeochemical, nutrient assimilation, sediment resuspension) in the water column and changes its characteristics (MedinaGomez & Herrera-Silveira 2003) . The Southeast Asian monsoons, northeasterly from October to April and southwesterly from May to September, have important effects on biogeochemical cycles in Daya Bay waters.
The intense fluctuation in the various physical, chemical, and biological parameters in the bay during the two monsoon periods has a significant influence on large spatial variability, in which environmental processes such as rainfall runoff and water exchange from the northern South China Sea represent exogenous inputs that strongly determine the spatial behavior of the system. In addition, anthropogenic activities such as marine culture and waste warm water discharge from two nuclear power plants also have important effects on the spatial heterogeneity in their adjacent ecosystems (Wang et al. 2006b , Wang et al. 2008 .
According to the results of multivariate statistical analysis, Daya Bay has a high degree of spatial variability in physical (residual current, water residence time, and climate change) and chemical properties (freshwater discharge, marine culture, and waste warm water discharge from nuclear power plants) that affect biological processes (Wang et al. 2006b , Wang et al. 2008 .
The distribution of NO3-N between the two monsoon periods was identified (Fig. 8) . It is suggested that the different hydrologic contexts could be related to land-source water, water exchange from the north South China Sea, self-cleaning capacity, and residual current pattern, as well as the residence time of water, during each monsoon period. The areas affected by soil weathering, organic pollution, and nutrient pollution were primarily located in the west and north part of the bay; this influence decreased with distance from shore to the mouth of the bay (Fig. 8a) . Because of topography, the bay's self-cleaning capacity is the worst in Dapeng Cove, and almost equally poor in Fanhe Port, Yaling Bay, and the north part of the bay (Liu et al. 1999) .
The concentrations of NO3-N along the coastlines of the western and northern parts of the bay were higher than in the southern and eastern parts during the southwest monsoon period (Fig. 8b) . These disparities are mainly caused by land-based pollution. The spatial variability is largely influenced and determined by hydrologic context and anthropogenic activities in the bay. The clockwise Euler Residual Current during the southwest monsoon period carried the nutrients from the western and northern parts of the bay, through the central part, and then to the mouth of the bay (Xu 1989 , Liu et al. 1999 .
CONCLUSION
Multivariate statistical analysis was used to identify spatial and temporal patterns in coastal water quality. Results showed that comprehensive application of various multivariate methods was effective for coastal water quality assessment and management.
The group of key hydrologic variables in Daya Bay is related to climatic conditions. Temperature can be an important indicator of natural processes in the bay. The significant difference between the two monsoon periods (one-way analysis of variance, p<0.05) may result in the hydrologic heterogeneity. During monsoon periods, NO3-N was the most important hydrological variable.
In Daya Bay, subsectors were defined within the bay and characterized by different hydrodynamic conditions (tide current, water residence time, and water exchange from the northern South China Sea) and human activities. During the northeast monsoon period, the hydrodynamic conditions may have a stronger influence on the hydro-environment, as a function of the performance of key hydrological parameters (temperature, pH, and DO). Multivariate statistical analysis identified two subsectors. The area in cluster DA1 containing stations S1, S2, and S6 was located around the mouth of the bay. These stations were affected by marine water from the northern South China Sea. In contrast, the area in cluster DA2 comprising S3-S5 and S7-S12 was located around the west, north, and east parts of the bay, and had similar features and natural background. During the southwest monsoon period, human activities may have had a stronger influence on the hydroenvironment, as a function of the performance of key hydrological parameters (NO3-N, NH4-N, COD and BOD5). Multivariate statistical analysis identified two subsectors. The area in cluster WB1 comprising S1, S2, S7, S9, and S11 was located around the mouth and east parts of the bay, which were affected by marine water from the northern South China Sea. Cluster WB2, containing S3-S6, S8, S10, S11, and S12, was located in the west and north parts of the bay. It was affected by nutrients and organic matter from land sources and human activities. These results may be valuable for achieving sustainable use of the coastal ecosystems in Daya Bay. 
